The vascular responses to acute resistance exercise and resistance exercise training (RET) in overweight women are unclear. Therefore, the purpose of this study was to examine the vasodilatory and wave reflection responses to acute resistance exercise before and after RET. In all, 24 overweight/obese (28.5 ± 0.6 kg m
Introduction
Reduced endothelial-dependent vasodilation of peripheral arteries contributes to the development of cardiovascular disease (CVD), [1] [2] [3] the leading cause of death in women. 4 Resting forearm blood flow (FBF) 5 and vasodilatory capacity 6 are decreased in overweight and obese adults. Obesity is also associated with increased augmentation index (AIx), 7 a measure of pressure wave reflection that is reduced by vasodilation of muscular arteries. 8 Chronic exercise, in particular, resistance exercise training (RET), has been suggested to improve endothelial function, [9] [10] [11] by increasing FBF and vasodilatory capacity, which in turn may decrease the AIx. Improving the arterial function is of clinical importance because an increased AIx imposes an overload to the left ventricle that promotes myocardial hypertrophy, 12, 13 a main predictor of cardiovascular morbidity and mortality.
14 Acute upper-body resistance exercise increases FBF and vasodilatory capacity to reactive hyperemia (RH) in healthy young adults. [15] [16] [17] However, the effects of acute resistance exercise on AIx remain unclear. Previous studies demonstrated that acute whole-body 17 and upper-body 16 resistance exercise significantly increased AIx in healthy young men. In contrast, decreased AIx has been observed after acute leg resistance exercise. 18 These data suggest that the effect of an acute bout of resistance exercise on FBF and AIx is influenced by local exerciserelated vasodilatory factors.
Few studies have evaluated the effects of RET on resting FBF and AIx. 10, 11, 19 Heffernan et al. 10 reported a significant increase in FBF and vasodilatory capacity after 6 weeks of RET in young healthy men. Collier et al. 11 suggested that RET for 4 weeks increases FBF in pre-hypertensive middle-aged adults. In contrast, Arce Esquivel et al. 19 reported no change in FBF after 5 weeks of whole-body RET in young healthy individuals. The effects of RET on AIx appear to be mixed. 9, 10, [20] [21] [22] [23] Cortez-Cooper et al. 22 reported a significant increase in resting AIx after 11 weeks of high-intensity RET in young healthy women. In contrast, previous studies have shown no changes in resting AIx after RET, in young 10, 20 and old, 21,23 men and women. As RET can improve brachial artery endothelial function in overweight/obese women, 9 RET may decrease AIx in this population. As endothelial dysfunction and increased AIx contribute to the development of CVD, [1] [2] [3] 14 RET may have clinical benefits for preventing CVD in overweight/obese women. Therefore, the purpose of the present study was to evaluate the acute and chronic effects of resistance exercise on resting and post-exercise FBF, vasodilatory capacity and wave reflection in overweight and obese women. We hypothesized that RET would improve resting and post-exercise FBF and AIx in overweight/obese women.
Materials and methods

Participants
In all, 24 overweight/obese (body mass index between 25 and 35 kg m À2 ) premenopausal women aged between 35 and 50 years participated in the study. Inclusion criteria required that the participants were free of overt chronic diseases such as diabetes, cancer, or heart disease, which were assessed by medical history, sedentary (o60 min per week) as assessed via a questionnaire, nonsmokers, not pregnant, and not taking oral contraceptives or medications known to affect vascular function. All participants gave written consent, as approved by the Institutional Review Board of The Florida State University.
Study design
In order to determine the acute effect of resistance exercise, FBF, vasodilatory capacity, blood pressure (BP) and AIx were assessed at rest and 15 min after an acute bout of leg resistance exercise, at baseline, after a 4-week control period (before RET) and after 12 weeks of RET. All measurements were collected in the supine position, in a quiet, temperaturecontrolled room (22-24 1C) . Participants were tested in a postprandial (o3 h) condition and abstained from caffeine and alcohol for 12 h, and intense exercise for 48 h before testing. Participants were asked to maintain their current habits over the course of the study.
Pulse wave analysis
Pulse wave analysis was done before FBF and vasodilatory capacity, both at rest and post-exercise.
After 20 min of rest, BP values were measured twice using an automated sphygmomanometer (Omron, Bannockburn, IL, USA), separated by 2 min. Digital systolic BP (SBP) and diastolic BP were used to calibrate radial waveforms that were obtained from a 10-s epoch using a high-fidelity tonometer (SPT-301B; Millar Instruments, Houston, TX, USA). The aortic BP waveform was derived from radial applanation tonometry using a generalized transfer function implemented within the SphygmoCor software (AtCor Medical, West Ryde, NSW, Australia). The generalized transfer function has been shown to be both reliable and valid. 24 Augmentation pressure was calculated as the difference between the second and first systolic peak. The AIx was calculated as the augmentation pressure divided by the pulse pressure and multiplied by 100. As there is an inverse relationship between AIx and heart rate, AIx was normalized to a heart rate of 75 beats per min (AIx@75). Transit time of the reflected wave (Tr) indicates the round-trip travel of the forward wave to the peripheral reflecting sites and back to the aorta. 13 FBF and vasodilatory capacity (RH) FBF was measured in the supine position using venous occlusion plethysmography. A mercuryfilled strain gauge (EC-6, D E Hokanson Inc., Bellevue, WA, USA) was placed around the widest part of the forearm to measure changes in forearm circumference. A wrist cuff was inflated to 100 mm Hg above SBP one min prior and throughout measurement of FBF to occlude hand circulation. The upper arm cuff was inflated to 40 mm Hg for 8 s followed by a 7-s deflation for each 15-s cycle to determine resting FBF. 25 FBF was calculated using an average of six plethysmographic cycles and expressed as ml min À1 per 100 ml of tissue. 25 Following assessment of resting FBF, peak FBF was immediately assessed after 5 min of forearm ischemia 25 using an upper arm cuff inflated to 240 mm Hg to induce RH. The wrist cuff was inflated to 100 mm Hg above SBP 1 min before release of the upper arm cuff. After 15 s following rapid deflation of the arm cuff, changes in FBF were recorded for 3 min. 25 The maximal value was considered as the peak FBF, which is regarded as a non-invasive measurement of endothelium-dependent vasodilation. 25 It has been previously demonstrated that late RH, 1-3 min after cuff occlusion, is nitric oxidedependent (endothelial dependent). 26 
Anthropometry
Body weight was measured on a Seca (Hanover, MD, USA) balance beam scale to the nearest 0.1 lb, which was subsequently converted to kg. Height was measured with a Medart stadiometer (St Louis, MI, USA) to the nearest cm. Body mass index was calculated as weight (kg) divided by height (m 2 ).
Maximal strength
Maximal strength was performed using the 1-repetition maximum (1-RM) test for the chest press, leg press, seated row, leg extension and leg curl on MedX machines. After a brief warm-up with a light resistance load, participants were progressed until a resistance load was ascertained that could be moved one time through a complete range of motion. All measurements were recorded within 3-5 attempts.
Following a minimum of 72 h of rest, participants returned for verification of the 1-RM. The highest resistance load attained was defined as the 1-RM.
Acute resistance exercise
The acute resistance exercise was administered, consisting of five sets of 10-RM on the leg press (MedX). The 10-RM was derived from the previously determined 1-RM, using a previously validated equation. 27 A 2-min rest period was given between sets. When subjects were fatigued, assistance was given on the last 1-3 repetitions, so that the required 10 repetitions could be completed with good form. The acute resistance exercise bout lasted 15 min.
RET
Supervised RET was performed twice a week, with each session separated by at least 48 h. The training session consisted of three sets for the chest press, leg extension, leg press, seated row, and leg curl exercises on MedX machines. Participants began RET at 50-60% of the 1-RM for 2 weeks. Exercise intensity was set at 12-RM from weeks 3 to 12. After the participant could perform more than 12 repetitions per set with good form on two consecutive training sessions, the workload was increased by 2-10% to keep the sets at 12-RM, as recommended by the American College of Sports Medicine. 28 Two minutes of rest was given between each set and each exercise. Training sessions lasted approximately 30 min.
Statistics
Based on previous research by Heffernan et al., 10 we estimated that the 24 participants would enable a power of 80 at a Po0.05 to detect an increase in FBF of 26%. As the variables were normally distributed, as demonstrated by a Kolmogorov-Smirnov normality test, a repeated-measures analysis of variance was used to test the effects of time (baseline, before and after RET) on maximal strength. Multivariate analysis of variance with repeated measures on the last factor were used to determine differences across time and condition (rest and post-exercise) on FBF, peak FBF, AIx and Tr. If significant interactions were detected by the analysis of variance, then Tukey's post-hoc tests were used for post hoc analysis. Percent-change data (post-pre/pre) presented in results were not analyzed statistically. Significance was set a priori at Po0.05. Values are presented as mean ± s.e.m. All statistical analyses were performed using SPSS Version 17 (SPSS Inc., Chicago, IL, USA).
Results
Participant characteristics did not change after RET (Table 1) . No women withdrew from the study. Adherence to the RET was 90%. If a session was missed, it was made up during that week. There were no significant differences for any variable from baseline to before RET. Maximal strength increased significantly (Po0.05) for the chest press (32%), leg press (29%), seated row (20.8%), leg extension (38.5%) and leg curl (34.4%), after RET (Table 2 ). In turn, the workload (resistance Â repetitions) utilized during the acute resistance exercise bout increased significantly (Po0.05) after RET in premenopausal women (29.8±2.6%) compared with before RET (Table 2 ).
Resting and post-exercise responses at baseline and before RET There were significant increases (Po0.05) in FBF compared with peak FBF at rest (Figure 1a ; Table 3 ). Post-exercise peak FBF was significantly (Po0.05) elevated compared with post-exercise FBF (Figure 1b) , but was not elevated above resting peak Figure 2a ; Table 4 ). Tr increased significantly (Po0.05) from rest to postexercise (Figure 2b ).
Resting and post-exercise responses after RET There were significant (Po0.05) increases in resting FBF (66.7±3.2%), resting peak FBF (51.6±2.5%), post-exercise FBF (48.9 ± 3.5%) and post-exercise peak FBF (41.1 ± 2.2%) after RET compared with baseline and before RET (Figure 2a ; Table 3 ).
However, there was no change in the FBF and peak FBF response to acute resistance exercise. There was no effect of RET on resting AIx or Tr (Figure 2 ). Although AIx decreased and Tr decreased significantly (Po0.05) (Figure 2 ) after acute exercise, there was no effect of RET on these responses (Table 4) .
Discussion
The main findings of the present study were that RET increases resting and post-exercise FBF and vasodilatory capacity in premenopausal women. In addition, AIx is reduced by acute resistance exercise but it is not altered by short-term RET in otherwise healthy overweight and obese premenopausal women.
In the current study, we noted that post-exercise peak FBF was increased, but there was no alteration in post-exercise FBF from rest, in overweight and obese middle-aged women. Although obesity appears to reduce resting FBF, 5, 6 contraction-induced increases in FBF 5 during and after arm exercise appear not to be influenced by obesity 29 and aging. 30 Fahs et al. 16 demonstrated a local increase in FBF and vasodilatory capacity 25 min after a bout of arm and chest resistance exercise. In the present study, as the forearm vasculature was not exposed to exercise-related vasodilatory factors, 8 post-exercise FBF was not affected by a bout of leg resistance exercise. Consistent with our findings, recent studies have shown that peak FBF increases 25 and 60 min after a bout of resistance exercise in young healthy men. 16, 31 However, the exercise protocols consisted of exclusively 16 or predominantly 31 upper-body exercises (63%), suggesting that local exercise-induced vasodilatory metabolites and not NO 32 may have influenced this response. Because peak FBF increased in the non-exercised arm, our results suggest that a bout of leg resistance exercise increases forearm vasodilation by endothelium-derived NO 33 in overweight women.
In agreement with our findings, previous work has shown a reduction in AIx after a bout of lowintensity leg resistance 18 and maximal endurance leg exercise. 34, 35 Vasodilation and reduced arterial stiffness in the exercised legs reduce aortic AIx via a decrease in the magnitude and delayed arrival (increased Tr) of the reflected wave. 8, 18, 35 In contrast , a bout of upper-body resistance exercise increased aortic stiffness and AIx, 16 despite a decrease in arm arterial stiffness. These data suggest that the increase in aortic stiffness overcomes the effect of peripheral vasodilation of the arm on the aortic AIx after upper-body exercise. Our findings indicate that the decrease in aortic AIx after leg resistance exercise is due to a decreased Tr that may result from the effect of exercise-related vasodilatory factors on leg arteries. 34, 35 Because the increased AIx associated with obesity 7 can increase left ventricle afterload and favor the development of myocardial hypertrophy, 12, 13 leg resistance exercise would be more appropriate for overweight/obese women. Therefore, lower-body exercise may offer a cardioprotective effect that is not seen with upperbody or whole-body RET.
Alterations in resting FBF and vasodilatory capacity have been found to occur after exercise training. 10, 11, 19 In agreement with our findings, Collier et al.
11 demonstrated that 4 weeks of RET increased resting FBF in middle-aged men and women with pre-hypertension. Furthermore, previous studies demonstrated that 6 10 and 12 36 weeks of RET increased FBF and vasodilatory capacity at rest in young men. Moreover, Olson et al. 9 found an increase in resting brachial flowmediated dilation after 1 year of moderate-intensity RET in overweight premenopausal women. In contrast, two studies from Casey et al. 19, 21 have failed to demonstrate improvements in arm vasodilatory capacity at rest. It is important to note that participants in the previous study by Casey et al. 21 were postmenopausal women with pre-hypertension and both conditions have been associated with increased arterial stiffness. 37, 38 Furthermore, it has been suggested that estrogen improves endothelial function. 12, 39 Therefore, it is feasible that the premenopausal status of our participants may have influenced the beneficial effect of RET on arm vasodilatory capacity.
In the present study, post-exercise FBF and vasodilatory response to RH were increased by 12 weeks of RET. To our knowledge, only two studies have examined the post-exercise vasodilatory response after RET. 40, 41 A cross-sectional study suggested that post-exercise vasodilatory capacity was increased within 5 min after maximal treadmill exercise in resistance-trained and endurancetrained men, independently of muscle mass. 40 Copeland et al. 41 found a greater increase in FBF immediately following acute isometric handgrip exercise after 3 weeks of RET compared with endurance training. However, this increased FBF after handgrip exercise may have been influenced by local metabolites trapped in the isometrically contracted forearm muscles. In the present study, acute leg exercise was performed to evaluate forearm endothelial function to avoid the influence of local vasodilatory metabolites on post-exercise FBF and peak FBF. Our findings suggest that whole-body RET improves post-exercise FBF and peak FBF due to local vascular adaptations.
Only a few studies have examined the effect of RET on wave reflection, 10, [20] [21] [22] [23] but the data are mixed. In contrast to our data, Cortez-Cooper 22 reported an increased resting AIx after 11 weeks of high-intensity RET in young women, suggesting that RET may have a negative impact on arterial function. In agreement with our findings, Casey et al. reported no change in resting AIx or Tr after highintensity RET in young 20 and postmenopausal women. 21 Similarly, previous research has shown that 6-20 weeks of RET had no effect on resting AIx. 10, 23 Our study adds to the existing knowledge that short-term whole-body RET does not alter wave reflection properties during the recovery of acute leg resistance exercise.
The findings of the present study may not be generalized to a different population. All participants were overweight or obese premenopausal women and none of them were on exogenous estrogen. Additionally, there was no control of the menstrual cycle in the present study. However, data are inconclusive on the effects of the menstrual cycle on vascular function. 42, 43 The lack of randomization of the control period may be considered a limitation of the study. Although the study lacked a control group, the control period did not affect arterial function.
In conclusion, the current study suggests that 12 weeks of whole-body RET increases FBF and vasodilatory capacity both at rest and post-exercise in overweight and obese women. Furthermore, whereas acute resistance exercise decreases AIx, RET does not alter resting and post-exercise wave reflection in overweight and obese women. Therefore, RET may be an important non-pharmacological therapy for the prevention of CVD in overweight and obese premenopausal women.
